Neutrino masses and gauged $U(1)_\ell$ lepton number by Chang, We-Fu & Ng, John N.
ar
X
iv
:1
80
7.
09
43
9v
2 
 [h
ep
-p
h]
  4
 O
ct 
20
18
Prepared for submission to JHEP
Neutrino masses and gauged U(1)ℓ lepton number
We-Fu Changa,b John N. Ngb
aDepartment of Physics, National Tsing Hua University, 101 Sec. 2, KuangFu Rd, Hsinchu 300,
Taiwan
bTRIUMF Theory Group, 4004 Wesbrook Mall, Vancouver, B.C. V6T2A3, Canada
E-mail: wfchang@phys.nthu.edu.tw, misery@triumf.ca
Abstract: We investigate the tree-level neutrino mass generation in the gauged U(1)ℓ lepton
model recently proposed by us [1]. With the addition of one Standard Model(SM) singlet,
φ1(Y = 0, ℓ = 1), and one SM triplet scalar, T (Y = −1, ℓ = 0), realistic lepton masses can be
accommodated. The resulting magnitude of neutrino mass is given by ∼ v3t /v2L, where vt and
vL are the vacuum expectation values of T and φ1, respectively, and it is automatically of the
inverse see-saw type. Since vL is the lepton number violation scale we take it to be high, i.e.
O & (TeV). Moreover, the induced lepton flavor violating processes and the phenomenology
of the peculiar triplet are studied. An interesting bound, 0.1 . vt . 24.1 GeV, is obtained
when taking into account the neutrino mass generation, Br(µ → eγ), and the limits from
oblique parameters, ∆S and ∆T . Collider phenomenology of the SM triplets is also discussed.
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1 Introduction
It is now generally accepted that neutrino oscillation data indicate that at least two of the
three active neutrinos have nonvanishing masses. This cannot be accommodated in the min-
imal Standard Model (SM)without adding new degrees of freedom such as two or more SM
right-handed neutrinos. However, neutrino masses can be generated by the addition of the
Weinberg operator [2], O5. This nonrenormalizable dimension five operator takes the form of
O5 =
y
ΛℓLℓLHH, where H is the SM Higgs field, ℓL denotes a SM lefthanded lepton doublet,
y is a free dimensionless parameter, and Λ is an unknown high scale. After H takes on a
vacuum expectation value v ≃ 247 GeV, the electroweak symmetry is spontaneously broken,
and we get a neutrino mass mν ∼ yv
2
Λ . Since data indicate that mν . 1 eV, depending on the
– 1 –
value of y, the scale Λ can range from 1 to 1011 TeV. This elegant way of generating neutrino
masses using only SM fields comes with the price of nonrenomalizability. Furthermore, it
reinforces the idea that the SM is an effective theory and the neutrino masses call for its
extension.
Neutrino mass generated from the Weinberg operator is of the Majorana type, and it
has lepton number ℓ = 2 provided the conventional lepton number assignments that all SM
charged leptons e, µ, τ and their associated neutrinos νe, νµ, ντ have ℓ = 1 and all other
SM fields carry ℓ = 0 are assumed. Also the anti-leptons have ℓ = −1. This is a natural
consequence if lepton number is a U(1)ℓ symmetry. Thus, the SM is largely invariant under
this symmetry with a very small breaking by the Weinberg operator. However, the nature
of this symmetry is unknown. Usually, the total lepton number is taken to be a global
symmetry that is broken at a very high scale Λ & 1012 GeV by two or more SM singlet
righthanded neutrinos NR with Majorana masses of O(Λ). Integrating them out gives rise
to the Weinberg operator, and this is the celebrated type I seesaw mechanism [3–7]. Doing
so raises the question of the origin of the Majorana mass bestowed to NR. One can add
a Majorana mass for NR by hand. However, our current understanding is that masses of
fermions are generated by the Higgs mechanism. It is interesting to also to apply this to
U(1)ℓ. Doing so will lead to the existence of a Goldstone boson in the physical spectrum
which can act as a candidate for dark radiation [8, 9].
Moreover, it is phenomenologically and theoretically interesting to investigate the possi-
bility of a gauged U(1)ℓ and study the spontaneously broken gauge theory. There are several
possibilities. One can gauge the total lepton number as in [10]1. One can also gauge a com-
bination of lepton generation number such as Lµ−Lτ [16, 17]. In Ref.([1]), hereafter referred
to as (I), we gauged each lepton family with the usual lepton number assignments for them.
Of the just mentioned three examples only the second one is anomaly-free with only the SM
fields. Gauging the total lepton will require extra leptons with very exotic lepton charges
such as ℓ = 3 to cancel the anomalies from U(1)ℓ. In (I), the extra anomalies cancelations
require two extra pairs of vector-like SU(2) doublet leptons with eigenvalues ℓ = 1, 0 for each
family. We also did not include any singlet NR field, and the Weinberg operator is generated
radiatively at 1-loop. The principal source of lepton number violation comes from a SM
singlet scalar with ℓ = 2 which picks up a vacuum expectation value.
In this paper, we study a different mechanism of neutrino mass generation in the gauged
lepton number scheme introduced in (I). The extra leptons presented before is sufficient to
generate neutrino masses with the aid of a SM triplet scalar T and a SM singlet scalar φ1. T
has ℓ = 0 whereas φ1 is given ℓ = 1, with both fields being Higgssed. This naturally leads to
an inverse seesaw mechanism (ISM)[18–20] for active neutrino mass. The novel feature here is
that we do not add by hand any SM singlet leptons to implement ISM as is commonly done.
The required leptons are dictated by anomaly cancelations. Details will be given in Sec. 3.
Since the physics involved with the gauge new gauge boson Zℓ and the extra leptons are the
1For other constructions in conjunction with gauged baryon number see[11–15].
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same as in (I), we will not repeat their phenomenology here. Instead, we focus on neutrino
physics and the phenomenology of T . We find that T has interesting different signatures at
high energy colliders from previous studies of l = 2 Higgs triplets[21–25], which are commonly
employed in the type-II see-saw model[26–31]. For a recent review see [32].
We organize the paper as follows. The next section we present our anomalies solution
for completeness. Then we discuss lepton mass generation for one generation to illustrate the
physics. This is followed by a realistic 3-generation study. Sec. 4 gives fits to the neutrino
oscillation data. Constraints from charged lepton flavor changing neutral currents are given
in Sec.5. Important electroweak precision constraints are studied in Sec. 6. The productions
of different new triplet scalars at the LHC and CLIC are examined in Sec. 7. Our conclusions
are given in Sec. 8.
2 U(1)ℓ anomalies cancelations and new fields
We extend the SM gauged group by adding a U(1)ℓ and is explicitly given as G = SU(2) ×
U(1)Y × U(1)ℓ. All SM leptons have the conventional value of ℓ = 1. We will concentrate on
one family. This can be trivially extended for all 3 SM families.
The new anomaly coefficients are
A1([SU(2)]2U(1)ℓ) = −1/2 , (2.1a)
A2([U(1)Y ]2U(1)ℓ) = 1/2 , (2.1b)
A3([U(1)Y [U(1)ℓ]2) = 0 , (2.1c)
A4([U(1)ℓ]3) = −1 , (2.1d)
A5(U(1)ℓ) = −1 , (2.1e)
where A5 stands for the lepton-graviton anomaly. While new chiral leptons are introduced to
cancel Eq.(2.1), one also needs to make sure that the SM anomalies of A6([SU(2)]2U(1)Y ),
A7([U(1)Y ]3), and A8(U(1)Y ) are canceled. It is easy to check that the new leptons in Table.1
cancel the above anomalies. Since the pair of new leptons are vectorlike, the SM anomalies
A6([SU(2)]2U(1)Y ), A7([U(1)Y ]3), and A8(U(1)Y ) cancelations are not affected.
The minimal set of scalar fields, by utilizing the triplet scalar for neutrino mass generation,
can be obtained by examining the gauge invariant set of lepton bilinears that can be formed
from the above fields. They are given in Table.2. where all H,φ1, and T develop non-zero
VEVs.
The Yukawa interactions are
LY = f1lLL2Rφ1 + f2eRE2Lφ1 + f3L1LL2Rφ∗1 + f4E1RE2Lφ∗1
+ h1lLeRH + h2L1LE1RH + h3L2RE2LH
+ y1lcLT
†L1L +
y2
2
Lc2RT
†L2R + h.c. (2.2)
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Field SU(2) Y ℓ
ℓL =
νL
eL
 2 −12 1
eR 1 −1 1
L1L =
N1L
E1L
 2 −12 −1
E1R 1 −1 −1
L2R =
N2R
E2R
 2 −12 0
E2L 1 −1 0
Table 1. Lepton fields for anomalies free solution.
Field SU(2) Y ℓ
H 2 12 0
T 3 −1 0
φ1 1 0 1
Table 2. Scalar fields content
where all the generation indices are suppressed. The full gauge invariant and renormalizable
scalar potential reads,
V = −µ2HH†H + λH(H†H)2 − µ2L|φ1|2 + λL|φ1|4
−µ2tTr(T †T ) + λt[Tr(T †T )]2
+λ1(H
†H)Tr(T †T ) + λ2(H†H)|φ1|2 + λ3Tr(T †T )|φ1|2
+λ4Tr(T
†TT †T ) + λ5 detT †T + λ6H†TT †H
−
√
2κHT (iτ2)T (iτ2)H + h.c. (2.3)
where we have used the bi-doublet form for T as below2
T =
(
T0
1√
2
T−
1√
2
T− T−−
)
. (2.4)
The following conditions must hold (λ4t = λ4+λt)
λH , λL, λ4t > 0 , λ1 > −2
√
λHλ4t , λ2 > −2
√
λHλL , λ3 > −2
√
λLλ4t , (2.5)
2If a doublet, D, transforms under SU(2) as D → U2D, then T → U2TUT2 .
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so as to ensure that the potential is bounded from below.
After SSB,
〈H〉 = v√
2
(
0
1
)
, 〈φ1〉 = vL√
2
, 〈T 〉 = vt√
2
(
1 0
0 0
)
, (2.6)
and the fields can be expanded around their VEVs as
H =
(
H+
v+ℜH0+iℑH0√
2
)
, φ1 =
vL + ℜΦ+ iℑΦ√
2
, T =
(
vt+ℜT0+iℑT0√
2
1√
2
T−
1√
2
T− T−−
)
. (2.7)
And the minimal condition for the scalar potential become
v
(
−µ2H + λHv2 +
λ1
2
v2t +
λ2
2
v2L − κvt
)
= 0 , (2.8)
vL
(
−µ2L + λLv2L +
λ2
2
v2 +
λ3
2
v2t
)
= 0 , (2.9)
vt
(
−µ2t + λtv2t +
λ1
2
v2 +
λ3
2
v2L + λ4v
2
t
)
− 1
2
κv2 = 0 . (2.10)
Note that λ5,6 do not come into play here. From the above equations, the tree-level mass
squared for T− and ℜT0 are
M2T− =
κv2
2vt
+
λ6
4
v2 , M2ℜT0 =
κv2
2vt
+
1
2
(µ2t + λtv
2
t + λ4v
2
t ) . (2.11)
From phenomenology we expect that vt ≪ v (see Sec.8) and before scalar mixings considera-
tions we have
MT− ≃
(
κ
vt
) 1
2 v√
2
, MℜT0 ≃MT−
√
1 +
vt
κ
µ2t
v2
(2.12)
which are above a TeV if κ takes a phenomenologically interesting value around the elec-
troweak scale. However, in general, κ is a free parameter.
The scalar potential after SSB gives a small mass splitting between T− and T−−. The
mass squared difference can be worked out to be
M2T−− −M2T− = v2
λ6
4
− v2t
(
λ4 − λ5
2
)
, (2.13)
which is ∼ O(v2) provided λ6 is not much smaller than λ4,5. Therefore, it is a good approx-
imation to assume that T− and T−− are degenerate. However, we should keep in mind the
mass splitting could be about the Fermi scale.
Similarly, ignoring the contribution from vt, we have
−µ2H + λHv2 +
1
2
λ2v
2
L ≃ 0 , (2.14)
−µ2L + λLv2L +
1
2
λ2v
2 ≃ 0 . (2.15)
– 5 –
T ∗0 T−W
+
µ : ig2(p− − p¯0)µ T+T−−W+µ : ig2(p−− − p+)µ
T+T0W
−
µ : ig2(p0 − p+)µ T++T−W−µ : ig2(p− − p++)µ
T+T−Pµ : −ie(p− − p+)µ T++T−−Pµ : −2ie(p−− − p++)µ
T+T−Zµ : i g2cW (s
2
W )(p− − p+)µ T++T−−Zµ : i g2cW (−1 + 2s2W )(p−− − p++)µ
T ∗0 T0Zµ : i
g2
cW
(p0 − p¯0)µ ℜT0ℑT0Zµ : g2cW (pℑT0 − pℜT0)µ
Table 3. Couplings of gauge bosons to triplet fields
Since we expect that vL ≫ v, i.e. lepton symmetry breaking to be above the Fermi scale, we
obtain
vL ≃
√
µ2L
λL
, Mφ1 ≃
√
2µL , v
2 ≃ 1
λH
(
µ2H −
λ2
4λL
M2φ1
)
. (2.16)
Thus, it is also required to have |λ2| ≪ λL. As expected, there will be mixing among the three
neutral scalarsH = (ℜH0,ℜT0,ℜΦ). They are related to the physical states h = (hSM , t0, φ0)
via the usual unitary rotation given by
h = Uh ·H . (2.17)
Details of this transformation are not important for this study and we will not present them.
For completeness, we discuss the imaginary parts of the scalar fields. ℑΦ is the would-be
Goldstone for the gauge boson Zℓ. Moreover, the would-be Goldstone bosons eaten byW
±, Z,
the physical singly charged scalars, h±, and the pseudoscalar, A0, can be identified as:
G± =
vH± −
√
2vtT±√
v2 + 2v2t
≃ H± , G0 = vℑH0 − 2vtℑT0√
v2 + 4v2t
≃ ℑH0 ,
h± =
√
2vtH± + vT±√
v2 + 2v2t
≃ T± , A0 = 2vtℑH0 + vℑT0√
v2 + 4v2t
≃ ℑT0 . (2.18)
Since vt ≪ v from the electroweak precision studies (see Sec. 8), it is a good approximation
to treat T± and ℑT0 as the physical states. Being the only degree of freedom with two units
of electric charge, T±± are the physical scalars.
Since the symmetry G forbids T from coupling to two SM fermions simultaneously, its
gauge interactions become the most relevant for phenomenology. From the G-covariant deriva-
tive we obtain the Feynman rules for its triple couplings to gauge bosons, displayed in Table
3, where P stands for the photon, and all the momenta are incoming.
3 Lepton masses for 1 generation
The physics of how the new leptons affect the SM charged leptons is best seen in the one
family scenario. In the basis {e,E1, E2}, the Dirac mass matrix is
MC = vL√
2
×
 h1ǫv 0 f10 h2ǫv f3
f∗2 f
∗
4 h3ǫv
 , (3.1)
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where ǫv =
v
vL
≪ 1. In general the electron will mix with E1,2 and the mixing depends on f1
and f2. In that case, the charged-current interaction of the SM leptons could deviate from the
canonical SM (V −A) form due to their mixings with L2R and E2L. Moreover, the SM gauge
couplings are flavor non-diagonal. Physically, this mixing must be very small and we can
take the limiting case of f1 = f2 = 0 and eliminate the mixing of the electron with the new
charged leptons3. In general, we can write the physical mass eigenstates E ′α = (e,E−, E+)
where α = 1, 2, 3 as
E ′L/R = VL/R · EL/R , (3.2)
where VL/R is the left-handed/right-handed unitary matrix that diagonalizes the charged
lepton mass matrix so that V †L · MC · VR = diag{me,ME− ,ME+ }. For the limiting case of
f1 = f2 = 0 and f = f3 = f4(1 + δ) with |δ| ≪ 1, the mass eigenvalues can be worked out to
be
me = h1
ǫvvL√
2
, ME± ≃ ±
f4vL√
2
(
1 +
δ
2
)
+
ǫvvL√
2
h2 + h3
2
. (3.3)
One can see that the leading mass splitting between E+ and E−, apart from the phase conven-
tion, comes from the SM Higgs Yukawa interaction, h2,3, and to a very good approximation,
VL/R ≃ V B ≡
 1 0 00 1√2 1√2
0 − 1√
2
1√
2
 . (3.4)
In the basis {νL, N1L, N c2R}, the neutrino mass matrix is
MN = vL√
2
×
 0 y1ǫt f∗1y1ǫt 0 f∗3
f∗1 f
∗
3 y2ǫt
 (3.5)
and ǫt =
vt
vL
< ǫv. Again, we consider the case that f1 ≪ 1 and y1 ∼ y2 = y. The eigenvalues
can be worked out to be around (yǫt/f)
3, −1+(yǫt/2f), and 1+(yǫt/2f) in units of fvL/
√
2.
It is natural to identify the first term as the mass of the active neutrino. For yvt ∼ 0.1GeV
and fvL ∼ 3TeV, the resulting active neutrino mass is about (yvt)3/(fvL)2 ∼ 0.1 eV. From
electroweak precision measurements we expect vt . O(1) GeV. We see that the desired
neutrino mass can be obtained without much tuning of the Yukawa couplings.
Notice that the neutrino mass matrix given in Eq.(3.5) is of the inverse seesaw type[18, 19],
and a review can be found in [20]. The novel feature here is that we do not require ad hoc
addition of the SM singlet leptons. The additional leptons are dictated by anomaly cancelation
and are SM doublets.
3 Theoretically, these two Yukawa couplings can not be forbidden by any U(1) or ZN charge assignment
in this model. However, one can obtain the desired Yukawa hierarchy in the split-fermion model if the 5D
wave-functions centers are in the order of eR, lL, L1L, L2R;E1R;E2L, where “,” and “;” mean large and small
separations in between two adjacent wave functions, respectively, along the fifth dimension, see [33–35] for
some other examples of achieving the hierarchical 4D Yukawa.
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4 3-generation lepton masses
One can extend the above to the realistic 3-generation case. Without losing any generality,
we can start with the basis that the Yukawa couplings for N2RN1L are diagonal. And we
can go to the basis where the SM charged leptons are in their mass eigenstates by bi-unitary
transformation among the eR and eL. Similarly, we have the freedom to start with diagonal
(3× 3) E¯1RE2L and E¯2RE1L sub-matrices.
4.1 Charged lepton mass matrix
For simplicity, let’s consider that f1,2 = 0, f3,4 ∼ f , and the heavy charged lepton are roughly
degenerate. Then, in the basis (e,E1,E2) where each entry is a 3-vector in family space, the
most general (9× 9) mass matrix for charged leptons looks like
MC = vL√
2
 h1ǫv 0 00 h2ǫv f · 1+ δ1
0 f · 1+ δ2 h3ǫv
 (4.1)
where h1 and δ1,2 are 3× 3 diagonal matrices and 1 is the unit matrix. For convenience, δ1,2
which encodes the small splitting of the heavy charged leptons are separated out from the
leading term. One can first perform a rotation among the heavy charged leptons by U = VB ,
which is a (9 × 9) generalization of Eq.(3.4). Then the small perturbation can be separated
from the leading order mass eigenvalues,
UT .MC .U = M(0)C +∆MC
M(0)C =
 diag(me,mµ,mτ ) 0 00 − vL√2 [f · 1+ 12(δ1 + δ2)] 0
0 0 vL√
2
[
f · 1+ 12(δ1 + δ2)
]
 ,
∆MC = vL
2
√
2
 0 0 00 (h2 + h3) (h2 − h3 + δ1 − δ2)
0 (h2 − h3 − δ1 + δ2) (h2 + h3)
 . (4.2)
One can further diagonalize the diagonal (3×3) block, (h2+h3), by a bi-unitary transformation
such that V †L · (h2 + h3) · VR = hdiag . Or by using
UR = U · diag{1, VR, VR} , UL = U · diag{1, VL, VL} , (4.3)
so that
U †L.MC .UR = diag{Me,M−,M+}+∆M′C
Me = diag(me,mµ,mτ ) , M± = ± vL√
2
[
f · 1+ 1
2
(δ1 + δ2 ± hdiag)
]
,
∆M′C =
vL
2
√
2
 0 0 00 0 V †L · (h2 − h3 + δ1 − δ2) · VR
0 V †L · (h2 − h3 − δ1 + δ2) · VR 0
 .(4.4)
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It is clear that the 6 heavy charged leptons will form 3 nearly degenerate pairs. And as in
the 1-generation case, the mass splitting for each pair is mainly controlled by h2,3. Moreover,
they decouple from the SM charged leptons.
4.2 Neutral lepton mass matrix
Using the notation of the charged leptons and factor out the common mass, we write the
general (9× 9) neutrino mass matrix as
MN = fvL√
2
M˜N , M˜N =
 0 ǫ1 0ǫT1 0 1+ δ
0 1+ δ ǫ2
 (4.5)
where ǫ2 is a symmetric 3 × 3 matrix with elements {ǫ2}ij = {ǫ2}ji ∼ O(y2vt/vL) , ǫ1 is
a general 3 × 3 matrix with elements {ǫ1}ij ∼ O(y1vt/vL), and now δ is a 3 × 3 diagonal
matrix δ = diag(0, δ1, δ2), δ1,2 ≪ 1, to accommodate the small non-degeneracy among the
three heavy Ns. First, the leading mass diagonalization can be made by the same rotation
VB , similar to Eq.(3.4), as in the charged lepton case. This results in a symmetric 3 × 3
matrix, δ3 ≡ −δ + ǫ2/2, in the diagonal blocks as the perturbation. Assume there exists
an orthogonal 3 × 3 transformation V , such that V T · δ3 · V = diag{a1, a2, a3} ≡ δ4, and
|a1,2,3| ∼ O
(√
δ2 + ǫ22
)
≪ 1. Then by using U = VB · diag{1, V, V }, the re-scaled neutrino
mass matrix can be brought into the following form
(U)T .M˜N .U = M(0) +∆M
M(0) =
 0 0 00 −1+ δ4 0
0 0 1+ δ4
 , ∆M =
 0 y yyT 0 −z
yT −z w
 (4.6)
where y = ǫ1·V√
2
∼ O(ǫ1), z = V T ·ǫ2·V2 ∼ O(ǫ2), and w = 2V T · δ · V ∼ O(δ). One can see that
after this rotation, the leading mass eigenstates are nothing but the Cartesian basis. By the
standard perturbation techniques, it is easy to see that the SM neutrinos will acquire nonzero
masses at the second order perturbation. For example, at this order,
m1
(
fvL√
2
)−1
=
9∑
i=2
(∆M1i)2
0−M(0)ii
= −
3∑
j=1
[
(y1j)
2
−1 + aj +
(y1j)
2
1 + aj
]
≃ 2
3∑
i=1
(y1i)
2ai , (4.7)
and it is indeed of the order of O(ǫ21ǫ2) as in the 1-generation case.
The active neutrino masses can also be understood diagrammatically. By integrating out
the heavy N , the corresponding Feynman diagram in the weak basis, displayed in Fig.1, and
can be seen to give the same conclusion. It also reveals that the low energy effective operator
for active neutrino mass is not given by the Weinberg operator. If we assume a hierarchy
that vL ≫ v ≫ vt, and T is the only beyond SM degree of freedom left below vL, the active
neutrino masses are generated by a dimension six operator O6 =
c
(ΛL)2
(lcLT
†lL)Tr(T †T ) where
– 9 –
c is a constant and ΛL is the lepton number breaking scale related to vL. After T picks up
a VEV, vt, the neutrino mass is given by mν ≃ cv
3
t
Λ2
L
. It is also clear that O6 has a higher
dimension than the Weinberg operator. Together with the fact that vt ≪ v., they allow the
lepton breaking scale to be much lower than the usual type I seesaw mechanism.
ν iL
vT
N c j1L
vL
N c k2R
vT
N l2R
vL
N m1L
vT
νc nL
Figure 1. Diagrammatic representation of the ǫ3-suppression for the active neutrino masses. Super-
scripts denote family indices. Upper(green) arrows denote flow of lepton charge.
Now, the upper-left (3 × 3) sub-matrix, denoted as Nν , of U for active neutrinos is
in general non-unitary, NνN
†
ν 6= 1. This non-unitarity will result in various observable
effects. However, one expects that the off-diagonal elements of |NνN†ν | are of the order
of O(ǫ21) ∼ 10−6 × (vt/GeV)2 × (TeV/vL)2, which is roughly below the current experimental
limits, . 10−5[36, 37]. Therefore, we will leave the comprehensive study of these precision
tests to future work.
5 Neutrino oscillations and data fitting
First, we provide a simple, realistic solution which can accommodate the neutrino data. Then
we move on to the more general numerical survey where the solutions will be fed into the
later study of lepton flavor changing processes.
To simplify the discussion, we assume that the heavy N ’s are degenerate(δ = 0), y2 ∝ 1,
and all the Yukawa couplings in y1 are of the same order and there is no hierarchy among
them. The (9× 9) mass matrix looks like
MN = vL
 0 ǫy1 0ǫyT1 0 1
0 1 ǫy2
 , (5.1)
where ǫ ∼ O(vt/vL) is an unknown overall constant which controls the amplitude of per-
turbation and the elements of y1 are of ∼ O(1). As discussed previously, in the leading
approximation, the (3× 3) active neutrino mass matrix reads
Mνij ∼ ǫ3vL{y1}iα{y2}αβ{y1}jβ ∼ y2ǫ3vL{y1}iα{y1}jα . (5.2)
If y1 is highly democratic, namely,
y1 ∝ Ic ≡
 1 1 11 1 1
1 1 1
 , (5.3)
– 10 –
the resulting active neutrino mass matrix also has the pattern Mν ∝ Ic which is of rank
one and it has two zero eigenvalues. It naturally leads to the normal hierarchical neutrino
masses. Taking into account the data, the realistic mass matrix for normal hierarchy(NH)
instead takes the form
Mν ∼
 0.1 0.1 0.10.1 1 1
0.1 1 1
× (0.03) eV (5.4)
if m1 ≃ 0, and, to simplify the discussion we set δCP = 0. A simple solution to arrive such
pattern is
y1 ∼ y√
3
−0.3 0.3 0.31 1 1
1 1 1
 , y2 ∼ y1 (5.5)
which has the apparent µ − τ symmetry. This can be realized in the extra-dimensional
models by arranging the amount of overlap in higher dimensional fermion wavefunctions, see
for example [33–35].
On the other hand, a more subtle construction of y1 is required to accommodate the
inverted hierarchy( IH ) case. For example, if m3 ≃ 0, δCP = 0, the following realistic
neutrino masses matrix
Mν ∼
 1.6 −0.2 −0.2−0.2 0.9 −0.8
−0.2 −0.8 0.8
× (0.03) eV (5.6)
can be generated by
y1 ∼ y
−0.7 −0.7 −0.70.3 0.6 −0.7
−0.1 −0.4 0.8
 , y2 ∼ y1 . (5.7)
For both NH and IH cases, y3v3t /v
2
L ∼ 0.03eV . Taking vt = 1GeV and vL = 1(5)TeV, we
have y ∼ 0.03(0.09). This simple solution with y2 ∼ y · 1 gives us a rough idea of the Yukawa
coupling strengths.
For the realistic data fitting, we perform a comprehensive numerical scan with the working
assumption that |(y2)ij | ≃ y2 and that the heavy N ’s are nearly degenerate. These assumption
can be relaxed giving rise to more free parameters to fit the data. Moreover, the Yukawa
couplings are taken to be complex in the numerical study to accommodate the nonzero CP
phase, δCP which current data give a hint of. However, it is clear that the resulting neutrino
mass is about mν ∼ (y21y2v3t /M2N ). We adopt the following 3σ ranges from [38] for the
neutrino oscillation parameters. For NH,
31.42◦ < θ12 < 36.05◦ , 40.3◦ < θ23 < 51.5◦ , 8.09◦ < θ13 < 8.98◦ , 144◦ < δCP < 374◦ ,
∆m221 = (6.8 − 8.02) × 10−5 eV2 ,∆m231 = (2.399 − 2.593) × 10−3 eV2 . (5.8)
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As for the IH case, the corresponding 3σ ranges are:
31.43◦ < θ12 < 36.06◦ , 41.3◦ < θ23 < 51.7◦ , 8.14◦ < θ13 < 9.01◦ , 192◦ < δCP < 354◦ ,
∆m221 = (6.8 − 8.02) × 10−5 eV2 ,∆m231 = −(2.369 − 2.562) × 10−3 eV2 . (5.9)
The lightest neutrino masses, mlightest, for both NH and IH are allowed to vary in the
range between 10−4eV and 0.2eV so that the cosmological bound,
∑
j mj < 0.57eV at 95%
C.L.(from CMB spectrum and gravitational lensing data only)[39]4, can be met. Oncemlightest
is fixed, m1,2,3 can be determined from the measured mass squared differences. Then the
effective active neutrino mass matrix can be obtained by
Mν = U∗PMNS · diag(m1,m2,m3) · U †PMNS . (5.10)
In the standard parametrization, the rotation matrix is given by5
UPMNS =
 1 0 00 c23 s23
0 −s23 c23

 c13 0 s13e−iδ0 1 0
−s13eiδ 0 c13

 c12 s12 0−s12 c12 0
0 0 1

1 0 00 eiα21/2 0
0 0 eiα31/2
 (5.11)
where the shorthand s12 ≡ sin θ12 and the like are used. Each element of the y2 Yukawa
matrix is a random number in between 0.7 and 1.3 times an overall unknown factor y2 with
either sign. And we require that the ratio of the largest to the smallest absolute values in y1
to be smaller than 10. About 105 such solutions are prepared for both NH and IH cases. The
realistic Yukawa coupling configurations can be used for predicting the lepton flavor violating
processes. The results will be displayed in the next section.
6 µ→ eγ, and aµ
With this rich exotic leptons introduced for anomaly cancelations it is important to examine
the constraints from charged lepton flavor violation (CLFV) searches. The µ → eγ process
can be mediated by triplet running in the loop, see Fig.2. In the lepton mass basis, with the
µ E e
T−−
µ N e
T−
Figure 2. Feynman diagrams for µ→ eγ transition, the photon can attach to any charged line.
4This upper limit has been improved to
∑
j
mj < 0.44eV ( or mlightest . 0.15eV ) at 95% C.L.[40] recently.
5In general UPMNS = U
†
c.l.U where Uc.l. is the unitary matrix that diagonalizes the SM charged leptons
mass matrix and U is the neutrino rotation matrix. In the limit that the E decouples from the e we can take
Uc.l. = 1.
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VB rotation, the triplet coupling can be approximated as
(y1)ij√
2
{
T¯0ν¯ci(Nj+ +Nj−) + T++e¯ci (Ej+ + Ej−)
+
1√
2
T+ [ν¯ci(Ej+ + Ej−) + e¯ci (Nj+ +Nj−)]
}
+ h.c. (6.1)
where i, j = 1, 2, 3 are the generation indices, and ± denote the different mass eigenstates
within each generation.
The 1-loop contributions can be calculated to be
∆aµ = −
6∑
i=1
|(y1)µi|2m2µ
32π2
[
I1
(
(τ−−i )
−1)
M2Ei
+
2I1
(
τ−−i
)
M2T−−
+
1
2
I1
(
τNi
)
M2T−
]
(6.2)
where τ−−i ≡
M2
Ei
M2
T−−
, τNi ≡
M2
Ni
M2
T−
, and
I1(x) =
∫ 1
0
dz
z(1− z)2
1− z + xz =
1
6(1− x)4
[
1− 6x+ 3x2 + 2x3 − 6x2 lnx] . (6.3)
See Fig.3 for the plot of this function. When x ≪ 1 and x ∼ 1, the loop function can be
1 2 3 4 5
x
0
0.1
0.2
I1(x)
I 1
(x
)
Figure 3. The loop function I1(x).
expanded as
I1(x) ≃ 1
6
− x
3
−
(
11
6
+ lnx
)
x2 +O(x3) , (6.4)
≃ 1
12
− x− 1
20
+
(x− 1)2
30
+O((x− 1)3) . (6.5)
The first term in the square bracket of Eq.(6.2) is the contribution where the photon attaches
to the heavy charged lepton. The second and third terms are the contributions where the
photon attaches to the T−− and T−, respectively. Because of the electric charge, the T−−
contribution has an extra factor 2. Note also the one half factor associated with the T−
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contribution which is due to the extra 1/
√
2 factor in the singly charged triplet-fermion
vertex coupling. Moreover, assuming that ME ∼ MN ∼ M ( so that all I1 ∼ 1/12) the
(g − 2)µ can be related to the neutrino mass and eliminating the y1 dependence,
∆aµ ∼ −
3m2µmν
16π2y2v
3
t
[
I1
(
(τ−−i )
−1)+ 2I1 (τ−−i ) M2M2T + 12I1 (τNi ) M
2
M2T
]
∼ −10−15 (GeV)
3
y2v
3
t
(6.6)
which is negligibly small.
Similar calculation can be carried out for the µ→ eγ dipole transition amplitude.
Mµµ→eγ = Aµe e(p2) (−iσµq) Rˆµ(p1) ,
Aµe =
6∑
i=1
e(y1)µi(y1)
∗
eimµ
64π2
[
I1
(
(τ−−i )
−1)
M2Ei
+
2I1
(
τ−−i
)
M2T−−
+
1
2
I1
(
τNi
)
M2T−
]
, (6.7)
where qµ ≡ (p2 − p1)µ is the photon 4-momentum, and Rˆ = (1 + γ5)/2. Then, the branching
ratio is[41]
Br(µ→ eγ) = 12π
2A2µe
G2Fm
2
µ
∼ 27α
64π
(y1)
4(3.5I1)
2
G2FM
4
∼ 10−13
(
TeV
M
)4( (y1)
0.01
)4
. (6.8)
Or, assuming that ME ∼MN ∼M , the LFV process can be related to the neutrino mass,
Aµe ∼ 3emµmν
32π2y2v3t
[
I1
(
(τ−−i )
−1)+ 2I1 (τ−−i ) M2M2T + 12I1 (τNi ) M
2
M2T
]
. (6.9)
Note that the mass squared of heavy leptons in numerator and denominator cancel out, and
the branching ratios is not very sensitive to the masses of heavy degree of freedom.
Comparing to the most recent bound, Br(µ → eγ) < 4.2 × 10−13 at 90% C.L.[42], our
numerical results are shown in Fig.4. As can be seen from the plot, it is easier to find the
solutions for larger mlightest in the IH case. For y2v
3
t = 1(GeV )
3, the µ→ eγ branching ratio
is right below the current experimental limit for mlightest . 10
−2eV. Note that the branching
ratios have lower bounds, around ∼ 10−16/10−15 for NH/IH case with y2v3t = 1(GeV )3.
Therefore, for this model to admit a realistic solution which accommodates simultaneously
the neutrino oscillation data and the current µ→ eγ bound, the predicted lower bounds must
stay below the experimental limit. It is required that
1(GeV)3
y2v3t
< 64.807(20.493) (6.10)
for NH(IH). Thus, we arrive an interesting lower bound on the triplet VEV that
vt >
0.249(0.365)
(y2)1/3
GeV > 0.107(0.157)GeV (6.11)
for the NH(IH) case, where the ultima bound is obtained by taking the strong coupling limit
y2 = 4π.
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10−3 10−2 10−1 10−3 10−2 10−1
mlightest[eV]
10−20
10−18
10−16
10−14
10−12
10−10
Br(µ→ eγ)
B
r
(µ
→
eγ
)
NH(△m2 > 0) IH(△m2 < 0)
Figure 4. The log-log plot of Br(µ → eγ) v.s. mlightest(eV ) in our model. NH/IH is on the
left/right panel. The red dash line indicates the current experimental bound[42]. The radius of each
dot is proportional to the number of found solutions in the corresponding Br−mlightest cell. We take
y2v
3
t = 1(GeV )
3 and MN =ME =MT .
From Eq.(2.11), this lower bound implies that the triplet mass is roughly below . 8TeV
if κ ∼ v.
Since in our model the triplet does not carry lepton number, there is no tree-level con-
tribution to µ→ 3e and the similar τ decays. The dipole induced Br(µ→ 3e) will be small
comparing to µ→ eγ. The ratio[41] is given by
Br(µ→ 3e)
Br(µ→ eγ) =
2α
3π
(
ln
mµ
me
− 11
8
)
≃ 0.7 × 10−2 (6.12)
which makes Br(µ → 3e) < 3 × 10−15 in this model. Similarly, the branching ratios of
τ → lγ (l = e, µ) are
Br(τ → lγ) ≃ 12π
2A2τl
G2Fm
2
τ
×Br(τ → eν¯eντ ) (6.13)
and we adopt the measured Br(τ → eν¯eντ ) = 17.82%[43]. The predicted branching ratios
of τ → lγ in our model are displayed in Fig.5 which are much smaller than the current
experimental bound; Br(τ → eγ) < 3.3×10−8 and Br(τ → µγ) < 4.4×10−8 at 90%C.L.[43].
Note that in the IH cases the two have same statistics which is due to the complex conjugated
pair solutions to the y1 Yukawa for a given mlightest and UPMNS. As pointed out in [44], the
double ratios, for example, Br(µ → eγ)/Br(τ → eγ), are independent of the unknown
parameters y2, vt and the masses of the heavy degrees of freedom. They are complementary
handles to the long baseline experiments for determining the type of neutrino mass hierarchy.
Unfortunately, we have not found any notable statistical difference between the double ratios
of NH and IH in this model.
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10−3 10−2 10−1 10−3 10−2 10−1
mlightest[eV]
10−21
10−19
10−17
10−15
10−13
10−11
Br(τ → µγ)
B
r
(τ
→
µ
γ
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NH(△m2 > 0) IH(△m2 < 0)
Figure 5. Br(τ → eγ) and Br(τ → µγ) v.s. mlightest in our model. We take y2v3t = 1(GeV )3 and
MN =ME =MT .
7 Triplets at colliders
The phenomenology of the Zℓ and the charged heavy leptons are the same as in (I), and
we shall not repeat them here. The triplets are the new players and we will discuss their
signatures at the LHC below. We start with a list of their dominant decay modes.
7.1 Decays of the triplet
Due to the gauge couplings and SSB, the triplet scalar can decay into (a) two SM gauge
bosons collectively called V (b) a lighter triplet partner plus a V, e.g. T−− → T−W+, and
(c) two light triplets, e.g. T−− → 2T−. The later two require huge mass splitting or the rates
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are suppressed by vt, thus can be ignored here
6. Therefore, T → V1V2 (V1,2 = W±, Z) are
the dominant decays since T does not couple to two SM fermions simultaneously in the weak
basis. This is very different from the cases of triplet with l = 2 as discussed, for example, in
[45]. Parameterizing the vertex TV µ1 V
ν
2 Feynman rule as iκV1,V2g
µν , it’s straightforward to
calculate the following decay widthes:
Γ(T → V1V2) = |κV1,V2 |
2
16πMT
λcm(x
2
1, x
2
2)
[
2 +
(
1− x21 − x22
2x1x2
)2]
, (7.1)
Γ(T → V1V1) = |κV1,V1 |
2
32πMT
√
1− 4x21
[
2 +
(
1− 2x21
2x21
)2]
, (7.2)
Γ(T → V1γ) = 3|κV1,γ |
2
16πMT
(
1− x21
)
, (7.3)
where xi ≡MVi/MT and λcm(y, z) ≡
√
1 + y2 + z2 − 2y − 2z − 2yz. The couplings are listed
in Table. 4. The typical decay widthes for charged triplets are narrow, around O(10−2) MeV,
Vertex ℜT0W+W− ℜT0ZZ T−−W+W+ T−W+Z T−W+P
κV V ig
2
2vt 2i
g22
c2
W
vt i
√
2g22vt i
g22√
2cW
(1 + s2W )vt −ig2e√2vt
Table 4. Feynman rules for TV V vertices. The gµν factors are omitted.
for vt ∼ 1GeV and MT ∼ 1TeV. However, the charged triplet still decays promptly once
produced. Moreover, the signal of triplet will be 4 fermion final state from the decay of two
gauge bosons or 2 fermion plus a high energy photon.
On the other hand, if there is mixing between ℜT0 and the Higgs boson, t0 can decay
into fermion pairs. The two body decay width of t0 is given by
Γ(t0 → f f¯) = |U
12
h |2GFMT
4π
√
2
∑
f
Ncm
2
f
(
1− 4m
2
f
M2T
)3/2
(7.4)
where Uh is given in Eq.(2.17). This will be dominated by the tt¯ final state ifMT ≫Mt = 174
GeV. LHC-1 gave a bound on the SM signal strength that µ = 1.09± 0.11[46], which implies
that |U12h |2 < 0.13 at 2σ level. For MT = 0.5(1.0)TeV, the 2-body decay width has an upper
bound Γ(t0 → tt¯) < 8(36) MeV, and Γ(t0 → bb¯) < 0.57(1.1) MeV. The mixing with the SM
Higgs will also provide additional 2 gauge bosons decay widthes,
Γ(t0 →W+W−) = |U
12
h |2GFM3T
32π
√
2
√
1− xW (4− 4xW + 3x2W ) ,
Γ(t0 → ZZ) = |U
12
h |2GFM3T
64π
√
2
√
1− xZ(4− 4xZ + 3x2Z) , (7.5)
6For example, Γ(T → T1W ) = GFM3λ3cm(x1, xW )/(2
√
2pi), where x1 = (M1/M)
2 and xW = (MW /M)
2.
However, there is no allowed phase space if the mass squared difference between T and T1 is at most v
2.
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where xV ≡ 4M2V /M2T . For MT = 0.5(1.0)TeV, Γ(t0 → W+W−) ≃ 2Γ(t0 → ZZ) <
5.3(42.6)GeV.
Finally, we discuss the t0 → 2hSM decay. Since |U12h | ≪ 1, the relevant Lagrangian is
roughly
≃
[
3λHvU
12
h +
1
2
(λ1vt + κ)
]
h2SM t0 (7.6)
and the κ term dominates. We have
Γ(t0 → 2hSM ) ≃ κ
2
32πMT
√
1− xH = 0.172(0.096) ×
( κ
100GeV
)2
GeV (7.7)
for MT = 0.5(1.0)TeV. With non-zero mixing with Higgs, the two gauge bosons are still
the dominant decay channel of t0. Moreover, for Mt0 ≫ MZ , the decay branching ratios of
Br(t0 → ZZ) ≃ 1/3 and Br(t0 →W+W−) ≃ 2/3 are quite robust.
7.2 Triplet production at hadron colliders
As seen in the previous section, the production and decay of t0 is very sensitive to its mixing
with the SM Higgs. We will start with the case that the mixing between h,ℜT0 is negligible
and focus on the production of the charged triplet at the collider. The pair production at
the LHC is mainly by the Drell-Yan processes through the TTV vertices. The gauge boson
associated production cross section, σ(pp → V T ), is proportional to v2t and negligible. If
ignoring the mixing and mass differences, σ(pp → T+T−−) = σ(pp → T ∗0 T−) and σ(pp →
T−T++) = σ(pp → T0T+) for they have the same couplings and mediated by the s-channel
W -exchange diagrams. The cross sections at LHC14 for some typical triplet masses, listed in
Table.5, are evaluated by the program CalcHep[47] with the CTEQ6l1[48] PDF.
Note that pp → tt¯W will be dominant SM background for T−−T++. After applying
proper cuts, a doubly charged of mass up to about 0.7 TeV, and it decays mainly into di-
boson, can be probed at LHC14 with an integrated luminosity of 300fb−1[45]. However, we
defer a full study of the signal and proper treatment of the background to a future study.
MT (TeV) T++T−− T+T− T+T−− T++T−
0.5 1.77 0.179 0.872 2.40
0.7 0.345 3.50 × 10−2 0.157 0.496
1.0 4.62× 10−2 0.47 × 10−2 1.93 × 10−2 7.01 × 10−2
Table 5. Charged Triplet bosons pair production cross sections(in fb) at the LHC14. Here we have
neglected effects from ℜH0 and ℜT0 since it is small and give subleading contributions.
In contrast, the real part of the neutral triplet7 can be singly produced via gluon fusion
through the mixing (U12h ). Our estimates of the production cross sections at the LHC and
7The single production of A0 can be ignored for it has a vt/v suppressing mixing with the Goldstone G0,
otherwise it couples only to one SM lepton doublet and one L1, Eq.(2.2).
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future hadron colliders are given in Table. 6. The SM backgrounds are estimated by evaluat-
ing the production cross section with the di-boson invariant mass in the MT ± 50GeV range.
Derived from the numbers listed in Table. 6, the 5σ limits on the 2-dimensional |U12h |2 and
effective luminosity plane is shown in Fig.6. The limit is determined by
Signal√
Background
=
√L0 × ξV V × σS ×Br(t0 → V V )√
σBG
= 5 (7.8)
where ξV V is the efficiency of detection of V V final states, and L0 is the integrated luminosity.
It can be seen that t0 with a mass of 1TeV and |U12h |2 = 0.05 could be directly studied at the
LHC14 with ∼ 1ab−1 effective luminosity.
√
s(TeV) Mt0(TeV) σ(pp→ t0) σ(pp→ W+W−)SM σ(pp→ ZZ)SM
14 0.5 2.88 × 102 2.56 × 103 4.0× 102
14 1.0 7.42 1.49 × 102 2.35 × 101
14 2.0 6.02 × 10−2 4.93 0.879
30 0.5 1.68 × 103 7.27 × 103 1.17 × 103
30 1.0 6.72 × 101 5.49 × 102 9.45 × 101
30 2.0 1.16 3.56 × 101 8.30
100 0.5 1.63 × 104 3.14 × 104 5.27 × 103
100 1.0 9.73 × 102 3.13 × 103 4.26 × 102
100 2.0 3.03 × 101 4.09 × 102 1.40 × 102
Table 6. Gluon fusion neutral Triplet boson production cross sections(in fb) at the LHC and beyond.
Here we assume that |U12h |2 = 0.1.
7.3 Triplet pair productions at the e+e− machine
The triplet pair productions at the e+e− machine are mediated by the s-channel photon and Z
diagrams. Ignoring the mixing between ℜT0 and h, the cross sections can be easily calculated
to be:
σ(e+e− → t0A) = πα
2
3s
1
s2W c
2
W
(
1
1− M2Zs
)2(
1− 4M
2
T
s
)3/2
, (7.9)
σ(e+e− → T+T−) = πα
2
3s
(
1− tan θW
1− M2Zs
)2(
1− 4M
2
T
s
)3/2
, (7.10)
σ(e+e− → T++T−−) = 4πα
2
3s
(
1 +
cot 2θW
1− M2Zs
)2(
1− 4M
2
T
s
)3/2
. (7.11)
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Figure 6. The 5σ limits of detecting a Triplet t0 at the LHC. The curves are for t0 decays
into W+W−, and dashed ones are for t0 → ZZ. The color codes, (blue, black, orange), are for
MT = (0.5, 1.0, 2.0) TeV, respectively. The horizontal dashed red line is the LHC-1 upper limit on
|U12h |2.
The cross sections are displayed in Fig7. Note that the interference between photon and Z con-
tributions is destructive/constructive for T+T−/T−−T++ production cross section. Because
the electric charge squared, T±± has the largest production cross section. We use CalcHEP to
estimate the SM backgrounds and find that they are about three orders of magnitude smaller
than the signals, and thus negligible.
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Figure 7. The pair production cross sections ( in fb ) for four different masses,MT = 0.5, 0.7, 1.0, 1.4
TeV, v.s.
√
s at the e+e− collider.
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8 EW precision, ∆S and ∆T from the exotic fermions and scalars
8.1 Tree-level ρ−parameter
Since T gets a VEV, vt, the tree-level ρ−parameter is less than unit:
1 + α∆Ttree = ρtree =
v2 + 2v2t
v2 + 4v2t
= 1− 2v
2
t
v2 + 4v2t
. (8.1)
Therefore, the loop-induced ∆Tloop(> 0) can be compensated by ∆Ttree(< 0). For ∆T =
0.08 ± 0.12[43], the 2σ range is
− 0.16 < ∆T = ∆Ttree +∆Tloop < 0.32 . (8.2)
The above only uses tree level contributions from the SM triplet implies that vt < 5.94 GeV.
Combining with neutrino mass generation and the µ → eγ limit, we obtain the following
interesting limit
0.107 < vt < 5.94 GeV . (8.3)
8.2 Loop corrections
Since anomaly cancelation mandates the addition of extra leptons, it is important to know
how quantum corrections to ∆T and ∆S from these new states will alter the above bound
on vT .
For each generation, the contributions from exotic leptons are [1]
∆TFi =
1
16πs2WM
2
W
(
M2Ni +M
2
Ei − 2
M2NiM
2
Ei
M2Ni −M2Ei
ln
M2Ni
M2Ei
)
, (8.4)
∆SFi =
1
6π
(
1 + ln
M2Ni
M2Ei
)
, (8.5)
where i = 1, 2. From the triplet T = (T0, T−, T−−)T , they are
∆TT =
1
8πs2WM
2
W
(
M2T0 +M
2
T− − 2
M2T0M
2
T−−
M2T0 −M2T−
ln
M2T0
M2T−
M2T− +M
2
T−− − 2
M2T−M
2
T−−
M2T− −M2T−−
ln
M2T−
M2T−−
)
, (8.6)
∆ST =
1
3π
ln
M2T0
M2T−−
. (8.7)
To simplify the discussion, we assume that all the exotic charged(neutral) leptons have the
same mass ME(MN ), T− and T−− are degenerate, and implement the current limit ∆S =
0.05±0.10[43]. To proceed, we assume that the mass squared differences, |M2E−M2N |, |M2T0−
M2T− |, are at most v2 (see Sec. 2). It is easy to generalize to other values. We define two
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variables, xE ≡ (MN/ME)2 and xT = (MT0/MT−)2, for the discussion. In terms of these
variables
∆T =
1
8πs2WM
2
W
[
3M2EI2(xE) +M
2
T−I2(xT )− 16π2v2t
]
, (8.8)
∆S =
1
π
(1 + lnxE +
1
3
lnxT ) , (8.9)
where
I2(x) = 1 + x− 2x lnx
x− 1 . (8.10)
The function I2(x = 1) = 0 and it is monotonically increasing when x goes to zero, I2(0) = 1.
The 2σ range of ∆S, −0.15 < ∆S < 0.25, amounts to
0.3317 < (x3ExT )
1/4 < 0.8513 . (8.11)
Apparently, x < 1 is preferred, and one needs either MN < ME , MT0 < MT− or both to
satisfy the requirement form ∆S. Since we assume the mass squared difference is at most v2.
In the cases of largest mass squared splitting, ME ,MT− can be related to x’s as
M2E =
v2
1− xE , M
2
T− =
v2
1− xT . (8.12)
We consider two simple cases: xE = 1, and xT = 1. For xT = 1, the direct search of charged
Higgs sets a bound MT−(= MT0) > 80GeV[43]. ∆S requires that 0.2296 < xE < 0.8069.
From ∆T , one has
− 0.16 < 1
8πs2WM
2
W
[
3M2EI2(xE)− 16π2v2t
]
< 0.32 . (8.13)
The largest ∆TF comes from the smallest xE, namely, the largest mass squared difference.
By using Eq.(8.12), one obtains vt < 23.75GeV, with ME = 280.3GeV, andMN = 134.2GeV.
By the same token, when xE = 1, one has 0.0121 < xT < 0.5253, vt < 19.72GeV, with
MT− = 247.5 GeV, and MT0 = 27.2 GeV. Since T does not carry lepton number, it interacts
with SM fermions through the mixing U12h and bb¯ will be the dominant decay channel. However
t0 has the SM gauge interaction, see Table 4, and the process e
+e− → Z∗ → Zbb¯ can go with
an effective mixing squared ≃ (4vt/v)2|U12h |2 < 0.013. The effective mixing squared agrees
with the bound, . 0.02, from the direct search of neutral scalar at LEP2 for this mass[49].
A full analysis yields an upper bound
vt < 24.08 GeV , (8.14)
which corresponds to xE = xT = 0.3317, ME = MT− = 300.9 GeV, MN = MT0 = 173.3GeV.
The solution agrees with the current direct search bounds on the masses of charged heavy
lepton, & 100GeV[50], and Higgs, & 80 GeV[43]. Moreover, MN and MT0 are larger than the
LEP2 bound from the Z decay and the direct search for the neutral Higgs. Comparing to the
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previous bound, Eq.(8.3), where loop contributions are not included, the upper bound for vt
is pushed up by around factor of five.
This much has been said about the upper bound on vt. We should remark that the
oblique parameters do not impose any lower bound on vt. For example, even vt = 0, all
requirements from ∆T and ∆S also that the mass squared differences are less than v2 can be
met when xE = xT = 0.8513, ME =MT− = 613.7GeV, and MN =MT0 = 566.2GeV.
9 Higgs to 2γ
New electrically charged degrees of freedom which couple to hSM modify the SM Higgs di-
photon decay width. In addition to the new charged leptons introduced for anomaly cance-
lation, which have been studied in [1], the charged components of the triplet also contribute.
For hSM di-photon decay, the relevant Lagrangian are the λ1,6 terms,
≃ v(λ1 + λ6/2)hSMT+T− + v(λ1 + λ6)hSMT++T−− , (9.1)
assuming that |U11h | ∼ 1.0. Although the λ4,t terms also contribute to hSMT+T− and
hSMT++T−− vertices, their strengthes are doubly suppressed by vt and U12h , and thus can be
ignored. The di-photon decay width is thus
Γ(H → γγ) = GFα
2M3H
128
√
2π3
∣∣∣∣∣F1(τW ) + 43F1/2(τt) +
6∑
i=1
yEi
2MW
g2MEi
F1/2(τEi)
+(λ1 + λ6/2)
v2
2M2T+
F0(τT+) + 4(λ1 + λ6)
v2
2M2T++
F0(τT++)
∣∣∣∣∣
2
, (9.2)
where τi ≡ (mH/2mi)2, and all the loop functions can be found in [51]. For the exotic leptons,
the Yukawa couplings are parameterized as L ⊃ −yEiE¯iEihSM in the mass basis. Assuming
that T− and T−− are degenerate, the width reads
Γ(H → γγ) = GFα
2M3H
128
√
2π3
×
∣∣∣∣− 8.324 + 1.834
+
6∑
i=1
0.32(3.64) × yEi + 0.051(0.203) × (λ1 + 0.9λ6)
∣∣∣∣∣
2
(9.3)
for MEi = 1000(100)GeV, and MT− = 1.0(0.5)TeV. The first two numbers are the dominate
SM contributions from W± and top quark, respectively. The dominant SM Higgs production
channel at the LHC is through gluon fusion which is intact in this model. Therefore, the
signal strength of pp→ h→ γγ is
µγγ ≃ Γ(H → γγ)/Γ(H → γγ)SM
∼ 1−
∑
i
(0.049 − 0.561) × yEi − (0.0157 − 0.063) × (λ1 + 0.9λ6) . (9.4)
– 23 –
It is expected that |yEi | ∼ ml/vh ≪ 1[1], and the charged leptons contribution can be ignored.
Comparing to the data µγγ = 1.18(+0.17−0.14) [52], it is safe even |λ1,6| ∼ O(1). This agrees
with the general analysis given in [53].
10 Conclusions
We have studied a novel neutrino mass generation mechanism in the recently proposed gauged
lepton number model by us [1]. The model is free of anomalies by the addition of two sets
of exotic chiral leptons for each generation. The U(1)l gauge symmetry is spontaneously
broken when a l = 1 SM singlet, φ1, gets a VEV, vL. In addition, one l = 0 SM triplet,
T , is introduced for neutrino mass generation. The triplet in this model differs from the
well-studied l = 2 triplet in the type-II see-saw model. Since it carries no lepton number,
the triplet does not couple to the SM leptons. An immediate consequence is that there is no
doubly charged triplet contribution to the neutrino-less double decays of nuclei which in our
model is given mainly by the exchange of light neutrinos. The VEV of the charge-neutral
parts of T , vt, and the SM Higgs H, v ≃ 246GeV, breaks the SM electroweak gauge symmetry
and the custodial symmetry. With only two exotic scalars, φ1 and T , and no RH SM singlet
neutrino, the resulting neutrino mass is of the inverse see-saw type. Since the phenomenology
of the obligatory new gauge boson Zℓ and the exotic leptons have been studied in [1], we have
focused on the physics of neutrino mass and the new l = 0 triplet in this work.
We begin the discussion of the one-generation case since the physics is clear in this simple
setting. Since the exotic leptons required for anomaly cancelations will in general mix with
the SM leptons we require that the Yukawa couplings f1,2 to be very small. This discussion
is later extended to the realistic three-generation case, and we have carefully investigated the
physics of active neutrino masses in this model. The active neutrino masses are of the order
of v3t /v
2
L given by the dimension-six operator O6. Since the electroweak precision requires
a relatively small vt, no further parameter fine-tuning is required other than taking f1 ≃ 0
mentioned before. Both realistic NH and IH neutrino masses can be accommodated in this
model. If assuming a democratic structure of the Yukawa couplings, it is more natural to get
an NH pattern. For IH, it requires a more subtle Yukawa pattern and prefers to have the
lightest neutrino mass & 10−2 eV, which is promising for the neutrinoless double beta decays
searches.
It is worth noting that O6 produces elements of the active neutrino mass matrix that
is Majorana-like, i.e of the form νicL ν
j
L where i, j are family indices. This is the same as O5
would. Thus, low energy neutrino measurements such as neutrinoless double beta decays of
nuclei, tritium β decays spectrum endpoint, and cosmological neutrino mass bounds cannot
distinguish between O6 or the Weinberg operator as the origin of neutrino masses. In order
to do that one needs to explore the TeV scale to discover whether there are new degrees of
freedom. O5 assumes that there are none whereas O6 requires new leptons below 10 TeV
8.
8 We have seen previously that the mass splitting |M2E −M2N | . v2. Leptons with the mass around 10TeV
will give a splitting of < 1 GeV. This is much smaller than what we have encountered and will require very
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In addition, a detailed program searching for CLFV decays of muon and τ will also be useful
since O5 and O6 have very different UV completions and thus will yield different results for
these processes.
We have calculated the 1-loop triplet contributions to aµ and the LFV processes l1 →
l2γ(l1,2 = e, µ, τ). ∆aµ is negative but negligible in this model. Thus, it cannot resolve the
discrepancy between the data and the SM expectation [54]. On the other hand, we have
found an interesting connection between the neutrino masses and the LFV branching ratios.
Taking into account the current limit on Br(µ → eγ) < 4.2 × 10−13, we have obtained an
interesting lower bound on vt & 0.1 GeV. Since T does not couple to SM leptons, the LFV
process µ→ 3e and the τ counterparts are mediated by the photon dipole transition and thus
predicted to be very small, Br(µ→ 3e) . 10−15.
The triplet gets a VEV so that the constraint from ∆T can be relaxed. We have carefully
analyzed the limits from both ∆S and ∆T and arrived an upper bound for vt . 24.1 GeV if
assuming the mass squared differences among the isospin components of the triplet and the
heavy leptons to be at most electroweak, . v2. Combing with the neutrino masses and LFV
bounds, we have 0.1 . vt . 24.1GeV in this model. The lower bound of vt also implies that
MT . 8TeV provided that κ ≃ v.
We have studied the decays of the triplet. For T± and T±±, the dominant decay channel
is into di-boson. Depending on the scalar potential, the T0 component of the triplet in general
mixes with the SM Higgs doublet, although the mixing squared is limited to be smaller than
0.13 at 2σ level[46]. However, even allowing for this mixing the dominant decay channel of T0
is still the SM di-boson modes. Due to their SM gauge interactions, the charged triplets can
be pair produced via Drell-Yan processes at the LHC. In addition to the SM gauge couplings,
due to its mixing with the SM Higgs, the neutral triplet can be singly produced via the gluon
fusion. At LHC14, it is possible to probe t0 of mass up to 1TeV and |U12h |2 ∼ 0.1 with an
integrated luminosity of 300fb−1. At the linear colliders, the signal of triplet pair production
will be very clean once the center-of-mass energy is higher than the mass threshold. For the
mass range of triplet we are interested in, we have found that the bound from the current
hSM → 2γ measurement is weak.
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